Abstract: Triaxial compression tests were carried out on artificially structured soil samples at confining 9 pressures of 25 kPa, 37.5 kPa, 50 kPa, 100 kPa, 200 kPa and 400 kPa. A binary-medium constitutive model 10 for artificially structured soils is proposed based on the experimental results, the disturbance state concept 11 (DSC) and homogenization theory. A new constitutive model for artificially structured soils was 12 formulated by regarding the structured soils as a binary-medium consisting of bonded blocks and weakened 13 bands. The bonded blocks are idealized as bonded elements whose deformation properties are described by 14 elastic materials and the weakened bands are idealized as frictional elements whose deformation Key Words: artificially structured soils; binary-medium constitutive model; breakage ratio; local strain 22 coefficient. 23
Introduction

24
Soils in situ usually possess natural structures, referring to the combination of fabric (arrangement of 25 particles) and inter-particle bonding (Mitchell 1976) , whose important influence on the mechanical features 26 of soils has been recognized for a long time, enabling soils composed of the same materials to behave 27 differently in a reconstituted state (Burland 1990 ; Leroueil and Vaughan 1990) . The natural structure 28 conveys extra strength to natural soils, allowing them to exist at a given stress. Upon loading, the bonds 29 between soil particles may break, resulting in the so-called destructuration process. Until the present, 30 research on the geotechnical engineering properties of reconstituted soils has been relatively satisfactory, 31 and the modified Cam clay model (Schofield and Wroth 1968; Yao et al. 2009 Yao et al. , 2015 and the Lade-Duncan 32 model (Lade and Duncan 1975; Lade 1977 ) have been widely used in solving geotechnical problems 33 resulting from reconstituted soils. It is widely known that the modified Cam clay model can simulate only 34 the strain hardening and volumetric contraction of remolded clays relatively well but cannot well duplicate 35 the strain softening and volumetric dilatancy of natural or structured soils at a low stress state under triaxial 36 stress conditions (Smith et al. 1992) . During the process of formation, natural soils are easily deposited 37 layer by layer, which results in different mechanical properties in vertical and horizontal directions 38 (Graham and Houlsby 1983) . Therefore, when formulating the constitutive model of these types of soils, 39 the influences of stress history, bonding, the fabric distribution and current stress state variables should be 40 considered concurrently to describe the stress strain properties well. 41
There have been important developments in formulating constitutive models incorporating the influence 42 of soil structure based on comprehensive experimental studies on structured or natural soil. existing models are formulated based on macroscopic observation on stress-strain properties of structured 57 soils and few can consider the physical and deformational mechanism of them. Furthermore, there is still 58 no widely accepted constitutive model for structured soils at the moment. 59
Compared with the remolded clay, the structured soils behave with strain softening and volumetric 60 contraction followed by dilatancy upon loading under a relatively low stress state, accompanying the 61 appearance of the shear bands under triaxial and biaxial stress states. After the peak value of stress strain 62 curves of structured soils (Cotecchia and Chandler 2000) , the yielding surface will contract gradually as a 63 result of the breaking of bonds between soil particles, which makes it difficult to describe these phenomena 64 using the conventional and widely employed elasto-plastic theory. Accompanying the bond breaking 65 between soil particles, the stress and strain distributed within a soil element will not be uniform, and the 66 higher local stress that equals the strength of the bonds will result in the breakup of these bonds between 67 soil particles. Therefore, it is necessary to formulate a constitutive model for structured soils to consider the 68 non-uniform stress and strain in the soil element and reflect the macroscopic strain softening by use of the 69 parameters considering the micro deformation mechanism. Here, a new constitutive model for structured 70 soils will be proposed to consider the damage process (or gradual bond breaking) and non-uniform 71 distribution of strain (or stress) based on test results of artificially structured soils. 72
In this paper, the triaxial tests of artificially structured soils were performed at six different confining 73 pressures ranging from 25 kPa to 400 kPa with drained conditions, and a theoretical study of the behavior 74 of artificially structured soil is presented. Based on the homogenization theory of heterogeneous materials 75 and the disturbance state concept (DSC), a new model, referred to as the binary-medium model for 76 geological materials, is formulated by regarding the structured soils as a binary-medium consisting of 77 bonded blocks and weakened bands. The determination of model parameters is provided and model 78 verification is also made by comparison with the test results of artificially structured samples. 79 4 within the samples by dissolving. The silty clay was extracted from one excavation pit located in Chengdu 85
area, approximately 5 m below the ground surface, with blocky shape and slight moisture, and its Gs is 2.72. 86
The grading curve of silty clay is shown in Fig. 1 , and wL and wP are 29.11% and 17.06%, respectively. The 87 silty clay is dried and sieved through a 0.5 mm screen and serves as the main matrix material mixed 88 uniformly with other materials, including cement, kaolin clay and salt particles by mass (or weight), in 89 which the mass ratios of silty clay, kaolin clay, cement and salty particle are 65%, 20%, 5% and 10%, 90 respectively. The cement employed is 32.5R, which is produced in China. The uniform mixture is then 91 compacted in a mold with the three same parts by five layers with dry density of 1.49 g/cm 3 to form the 92 sample. The samples are vacuumed for approximately 3 h in a vacuum chamber before the distilled water 93 flows in slowly. After the samples are soaked for 3 h, they are removed from the vacuum chamber and 94 quickly placed in flowing water with a speed of 6.65 cm 3 /s. After curing for seven days, the samples are 95 taken from the mold and placed in the triaxial apparatus to be tested. During the process of curing, the salt 96 content in the water is measured to ensure complete dissolution of the salt particles. Through seven days of 97 curing, the salt content in the water surrounding the samples reaches its original value, which is equal to the 98 magnitude of the flowing water; this demonstrates that salt particles are dissolved completely. The 99 Scanning Electron Microscope (SEM) photo of one prepared sample is shown in Fig. 2 , which presents the 100 bonding between soil particles and the distribution of large pores within the sample. For natural soils, their 101 main properties at the mesoscale are bonding and fabric (Burland 1990 ). In the process of preparing the 102 samples, the hydration of cement generates some materials bonding soil particles together, and the 103 dissolution of salt particles forms the large pores within the samples; thus, the initial isotropic structured 104 samples will be prepared. 105
To investigate the influence of structure deterioration on the mechanical properties of soils, the remolded 106 samples are also prepared here, and their preparing method is described as follows. The artificially 107 structured samples tested are remolded, dried and sieved through a 0.5-mm screen. After that, the soils are 108 compacted in the mold with five layers to form remolded samples with the same dry density as the 109 structured ones. Obviously, the bonding between soil particles of the remolded samples is broken 110
completely. 111
Triaxial compression tests under consolidated-drained conditions are conducted on both the artificially 113 prepared samples and the remolded ones. The confining pressures applied are 25 kPa, 37.5 kPa, 50 kPa, 114 100 kPa, 200 kPa and 400 kPa, and loading rate is 0.06 mm/min. The apparatus employed is a GCTS 115 triaxial system. 116
The deviatoric stress axial strain curves and the volumetric strain axial strain curves of the structured 117 samples are presented in Fig. 3 (a) (b) , S-CDstructured 118 sample is tested under consolidated-drained conditions at the confining pressure of xx kPa. From Fig 3 (a)  119 and (b), we can find that (i) under lower confining pressures, the samples exhibit strain-softening behavior 120 and initially contract followed by dilatancy, and the lower the confining pressure, the more the sample 121 dilates; (ii) under higher confining pressures, the samples exhibit strain-hardening behavior and contract at 122 all times, and the larger the confining pressure, the more the sample contracts. When the confining 123 pressures are 25 kPa, 37.5 kPa, and 50 kPa, the bonds between soil particles at the end of consolidation are 124 hardly damaged, so these bonds should be destroyed gradually during the application of shear loading, hardening behavior under the confining pressures ranging from 25 kPa to 400 kPa; and (ii) at low confining 136 pressures, they contract first and then finally tend to dilate with the overall volumetric compaction, and at 137 high confining pressures, they contract at all times. When remolding the artificially structured samples in 138 the process of preparation, the bonds between soil particles break to form larger aggregates that are 139 composed of the remolded samples, which thus behave as coarse-grained soils (Yu 2006 with different confining pressures, we can find that (i) under the relatively lower confining pressures, the 144 deviatoric stresses of the structured samples are larger than those of remolded samples, as shown in Fig. 7  145 for the confining pressure of 50 kPa. The artificially structured soils exhibit strain-softening behavior, but 146 the remolded samples exhibit strain hardening behavior; (ii) under the relatively higher confining pressures, 147 both types of samples exhibit strain hardening behavior. In the process of strain hardening, the deviatoric 148 stresses of the structured samples are larger than those of the remolded samples, and the differences 149 between them are decreasing, as shown in Fig. 8 for the confining pressure of 200 kPa; and (iii) under the 150 confining pressures ranging from 25 kPa to 400 kPa, the volumetric compaction of the remolded samples is 151 larger than that of the structured samples. 152
Binary-medium Constitutive Model for Artificially Structured Soils
153
Breakage Mechanism of Structured Soils
154
Soil structures have a great influence on the mechanical properties of natural soils (Mitchell 1976) , in 155 which the cohesive resistance and frictional resistance contribute together to the bearing capacity of the soil 156 element. It has also been long known that cohesive and frictional resistance are not mobilized 157 simultaneously at different deformation or strain levels (Lambe 1960), with the former reaching a peak 158 value within a relatively small strain and the latter making a full contribution within a relative large 159 deformation or strain. It is obvious that the cohesive component exhibits brittle behavior and the frictional 160 component exhibits nonlinear elastic behavior. The cohesion essentially comes from the cementation 161 bonding between particles, whose distribution is not uniform among geological materials. The bonded 162 blocks are formed where the cementation bonding strength is stronger, and the weakened bands are formed 163 where the cementation bonding is weaker, so the heterogeneous structured soils are developed step by step 164 via sedimentation. During the loading process, the brittle bonded blocks gradually break up, transforming 165 to elasto-plastic weakened bands, so the two components bear the loading collectively. With the 166 development of the breakage process, the bearing capacity of the bonded blocks will decrease, and that of 167 the weakened bands will increase; however, the structured soil wholly exhibits strain hardening or strain 168 softening behavior, depending on the increase of the bearing capacity of the weakened bands and the 169 decrease of the bearing capacity of the bonded blocks. In view of the understanding of the breakage 170 mechanism of structured soils mentioned previously, the structured soil can be conceptualized as a binary-171 medium material consisting of bonded blocks and weakened bands bearing the capacity collectively (Shen 172 2006). In the following, the bonding blocks are called the bonded elements, and the weakened bands are 173 called frictional elements. There are similar concept of Disturbed State Concept (DSC) proposed by Desai 174 and coworkers (Liu et al. 2000; Desai 1974 Desai , 2001 , in which the continuum element is assumed to be 175 composed of intact (RI) and adjusted (FA) states and has been used for soils (sands and clays), rocks, 176 rockfill, asphalt, concrete, silicon, polymers, and interfaces and joints. In DSC, a deforming material is a 177 mixture of (RI and FA states and similar in bonded materials) components which interact with each other to 178 lead to the observed behavior. The material mixture can undergo degradation or softening and stiffening or 179 healing. However, the basis in the damage approach is different; it starts from the assumption that a part of 180 the material is damaged or cracked. The observed behavior is then defined based essentially on behavior of 181 the undamaged part, and both do not interact because the damaged part is assumed to possess no strength. 182 The breakage ratio is changing with strain level upon loading, which is an internal variable similar to the 218 damage factor used in damage mechanics or hardening parameter used in plasticity. We assume here that 219 the breakage ratio is a function of strain, namely, 220 
255
(22) to obtain the following stress expression at initial loading: 256
In Eq. (25), there are four sets of parameters that must be determined, which include the constitutive 258 relationship of bonded elements and frictional elements, breakage parameter and local strain matrix, which 259 will be described in the following sections. 260
Constitutive Relationship of Bonded Elements
261
The bonded elements have bonding and large pores within them, whose behavior is similar to that of 262 artificially structured soils at the initial loading within very small strain with almost intact structures. where the five material constants D11, D12, D13, D33 and D44 can be determined by the stress strain curves at 270 the initial loading stage of the tested samples, during which the structured samples are hardly damaged and 271 could be regarded as bonded elements. When D11= D33, D12= D13 and D44=( D11-D12)/2, Eq. (27) can be 272 reduced to the stress strain relationship of isotropic materials with two constants (Graham and Houlsby 273 1983) . 274
Constitutive Relationship of Frictional Elements
275
The frictional elements are transformed from bonded elements when the bonds between soil particles are 276 broken completely, whose mechanical properties could be assumed as those of remolded soils. From the 277 test results of the remolded soils shown in Fig. 7 (a) (b) , we know that the stress strain relationship offrictional elements can be described by the Lade-Duncan model ( The breakage ratio and local strain coefficient are both internal variables, which should be determined by 312 meso-mechanics at the mesoscale. However, it is very difficult to determine the meso parameters for 313 structured soils, so here we establish their evolving relationships using similar determination methods of 314 hardening parameters in plasticity or damage factors in damage mechanics. Based on the analysis of the 315 breakage mechanism of artificially structured soils from mesoscale to macroscale, we formulate their 316
Determination of Model Parameters under Triaxial Stress Conditions
318
Under conventional triaxial stress conditions in which two types of soil samples including initially isotropic 319 structured and the remolded samples previously mentioned are tested, the vertical direction is set as the z 320 axial direction, along which the maximal principal stress is applied, and the other two principal stresses are 321 applied in the horizontal plane. Combining the test results provided above, we present the determination 322 method of the model parameters under triaxial stress conditions in the following sections. 323 , and s1 and s2 are constants. 382
Model Verification
383
There are four sets of parameters, including those of bonded elements, frictional elements, and structural 384 parameters of breakage ratio and local strain coefficient, that must be provided in the proposed binary-385 medium constitutive model for artificially structured soils. These model parameters are determined for the 386 samples tested as explained in Section as follows. 387
For the bonded elements, the parameters are obtained as follows: b1=9. 8383 The curves of deviatoric stress axial strain and volumetric strain axial strain of artificially structured soils 397 computed and tested are shown in Fig. 12 and Fig. 13 . From the deviatoric stress axial strain curves shownin Fig. 12 (a) and Fig. 13 (a) , although there are some slight differences in the values computed and tested, 399 the proposed constitutive model can reflect the deformational features of artificially structured soils. At low 400 confining pressures of 25 kPa, 37.5 kPa and 50 kPa, the computed results exhibit strain-softening behavior, 401
which is in agreement with tested soils and whose peak values are very close to those of the tested results; 402 at 100 kPa of confining pressure, both the computed and tested deviatoric stresses reach the plastic flow 403 state simultaneously; at high confining pressures of 200 kPa and 400 kPa, the computed results exhibit 404 strain-hardening behavior, which is also in agreement with the tested soils. From the volumetric strain 405 axial strain curves shown in Fig. 12 (b) and Fig. 13 (b 
Discussions
412
The performance of the model for zero breakage states and completely broken sates are discussed here. For 413 zero breakage states, the bonded elements are assumed to be elastic state in the paper and bear the external 414 loading. Therefore, the structured soil sample can be represented by the bonded elements for zero breakage 415 states. When determining the parameters of the bonded elements, the artificially structured soils at the 416 initial loading within very small strain (e.g. 0.25% axial strain) are used to assure that the bonds between 417 soil particles are in elastic state and not broken. For completely broken states, the bonded elements are 418 wholly broken and transformed into frictional elements. Therefore, the structured soil sample can be 419
represented by the frictional elements for completely broken states which bear the external loading. When 420 determining the parameters of the frictional elements, the remolded soil sample prepared by remolding the 421 artificially structured sample tested with dried and sieved through a 0.5 mm screen are used to assure that 422 the bonds between soil particles are completely broken. For the micromechanical model for structured soil 423 proposed here, the structured soil sample at failure usually consists of two components or binary media of 424 bonded elements and frictional elements, and at failure the frictional elements dominate. 425
The relation between the proposed model and the bonded materials under the DSC are discussed here. In 426 the references of Desai (2001) and Liu et al. (2000) , it is assumed that the RI represents zero strain 427 state, i.e., it is characterized as a perfectly rigid material. In the paper, however, the bonded elements are 428 assumed to be elastic materials and can be transformed to be frictional elements denoted by the evolution of 429 breakage ratio. For structured or cemented materials, Desai 
Conclusions
435
Artificially structured soil samples are tested under consolidated-drained conditions at confining pressures 436 of 25 kPa, 37.5 kPa, 50 kPa, 100 kPa, 200 kPa and 400 kPa. Based on these test results, a binary-medium 437 constitutive model for artificially structured soils is proposed in the manuscript. The conclusions can be 438 drawn as follows. 439 (i) At low confining pressures of 25 kPa, 37.5 kPa and 50 kPa, the artificially structured soil samples 440 exhibit strain-softening behavior and first contracts followed by dilatancy accompanying shear bands at 441 failure; at 100 kPa confining pressure, the deviatoric stress increases gradually and reaches a plastic flow 442 state and contracts during shear with a bulge in the middle at failure; at high confining pressures of 200 kPa 443 and 400 kPa, all samples exhibit strain-hardening behavior and contract with a bulge in the middle at 444 failure. 445
(ii) The new constitutive model, the binary-medium constitutive model proposed here for artificially 446 structured soils, idealizes the structured samples as compositions of bonded elements described by elastic 447 materials and frictional elements described by the Lade-Duncan model, whose distribution of stress and 448 strain can be considered by introducing a local strain coefficient and breakage ratio. The computed results 449 compared with the tested ones demonstrate that the new model can grasp the main mechanical properties of 450 artificially structures soils including strain-softening and contraction followed by dilatancy at low confining 451 pressures and strain-hardening and continuous contraction at high confining pressures. curves of volumetric strain and axial strain tested and computed of structured soils 588 Fig. 13 Comparison of tested and computed results of structured samples at confining pressures of 37.5, 589 100 and 400 kPa: (a) curves of deviatoric stress and axial strain tested and computed of structured soils; 590 (b) curves of volumetric strain and axial strain tested and computed of structured soils 591
